Introduction {#Sec1}
============

The observation of a new particle in the search for the Standard Model (SM) Higgs boson at the LHC, reported by the ATLAS \[[@CR1]\] and CMS \[[@CR2]\] Collaborations, is a milestone in the quest to understand electroweak symmetry breaking. Precision measurements of the properties of the new boson are of critical importance. Among its key properties are the couplings to each of the SM fermions and bosons, for which ATLAS and CMS presented results in Refs. \[[@CR3], [@CR4]\], and spin/CP properties, studied by ATLAS and CMS in Refs. \[[@CR5], [@CR6]\].

The studies in Refs. \[[@CR7]--[@CR10]\] have shown that the high-mass off-peak regions beyond $\documentclass[12pt]{minimal}
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                \begin{document}$$V=Z,W$$\end{document}$), well above the measured resonance mass of about 125 GeV \[[@CR4], [@CR11]\], in the $\documentclass[12pt]{minimal}
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                \begin{document}$$H \rightarrow WW$$\end{document}$ channels are sensitive to Higgs boson production through off-shell and background interference effects. This presents a novel way of characterising the properties of the Higgs boson in terms of the off-shell event yields, normalised to the SM prediction (referred to as signal strength $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$), and the associated off-shell Higgs boson couplings. Such studies provide sensitivity to new physics that alters the interactions between the Higgs boson and other fundamental particles in the high-mass region \[[@CR12]--[@CR18]\]. This approach was used by the CMS Collaboration \[[@CR19]\] to set an indirect limit on the Higgs boson total width. The analysis presented in this paper is complementary to direct searches for Higgs boson to invisible decays \[[@CR20], [@CR21]\] and to constraints coming from the Higgs boson coupling tests \[[@CR3], [@CR4]\].

This paper presents an analysis of the off-shell signal strength in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell =e,\mu $$\end{document}$). It is structured as follows: Sect. [2](#Sec2){ref-type="sec"} discusses the key theoretical considerations and the simulation of the main signal and background processes. Sections [3](#Sec7){ref-type="sec"}--[5](#Sec13){ref-type="sec"} give details for the analysis in the $\documentclass[12pt]{minimal}
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                \begin{document}$$WW \rightarrow e\nu \,\mu \nu $$\end{document}$ final states, respectively. The dominant systematic uncertainties are discussed in Sect. [6](#Sec16){ref-type="sec"}. Finally the results of the individual analyses and their combination are presented in Sect. [7](#Sec21){ref-type="sec"}.

The ATLAS detector is described in Ref. \[[@CR22]\]. The present analysis is performed on *pp* collision data corresponding to an integrated luminosity of 20.3 fb$\documentclass[12pt]{minimal}
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Theoretical predictions and simulated samples {#Sec2}
=============================================
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                \begin{document}$$\sigma _\text {off-shell}^{gg \rightarrow H^* \rightarrow VV}$$\end{document}$ for the off-shell Higgs boson production through gluon fusion with subsequent decay into vector-boson pairs,[1](#Fn1){ref-type="fn"} as illustrated by the Feynman diagram in Fig. [1](#Fig1){ref-type="fig"}a, is proportional to the product of the Higgs boson couplings squared for production and decay. However, unlike the on-shell Higgs boson production, $\documentclass[12pt]{minimal}
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In contrast, the cross-section for on-shell Higgs boson production allows a measurement of the signal strength:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa _{i,\text {off-shell}}$$\end{document}$ does not modify the predictions for the backgrounds. Further, neither are there sizeable kinematic modifications to the off-shell signal nor new, sizeable signals in the search region of this analysis unrelated to an enhanced off-shell signal strength \[[@CR18], [@CR24]\].

While higher-order quantum chromodynamics (QCD) and electroweak (EW) corrections are known for the off-shell signal process $\documentclass[12pt]{minimal}
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The dominant processes contributing to the high-mass signal region in the $\documentclass[12pt]{minimal}
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Figure [2](#Fig2){ref-type="fig"} illustrates the size and kinematic properties of the gluon-induced signal and background processes by showing the four-lepton invariant mass ($\documentclass[12pt]{minimal}
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Simulation of electroweak *VV* production through VBF and *VH*-like processes {#Sec4}
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Event selection {#Sec8}
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Matrix-element-based kinematic discriminant {#Sec9}
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The matrix-element kinematic discriminant fully exploits the event kinematics in the centre-of-mass frame of the $\documentclass[12pt]{minimal}
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Event selection {#Sec14}
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Background estimation {#Sec15}
---------------------

The dominant backgrounds arise from processes with real *W* bosons in the final state. The two backgrounds with the largest expected event yield are top-quark and $\documentclass[12pt]{minimal}
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The top-quark background predictions in the signal and *WW* control region are both normalised from the same top CR. A sample of top-quark events is obtained by starting from the signal region and reversing the *b*-jet veto by requiring exactly one *b*-tagged jet. This is closer in phase space to the *b*-jet-vetoed signal region than requiring at least one *b*-tag and results in a smaller uncertainty. The statistical error on the top-quark background normalisation is reduced by expanding the top CR down to R$\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec16}
========================

The largest systematic uncertainties for this analysis arise from theoretical uncertainties on the $\documentclass[12pt]{minimal}
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The uncertainty from missing higher-order QCD and EW corrections to the off-shell $\documentclass[12pt]{minimal}
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However, there is a large cancellation between the background and the negative interference at the expected 95 $\documentclass[12pt]{minimal}
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The systematic uncertainties associated with SHERPA-based re-weighting in $\documentclass[12pt]{minimal}
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While the EW corrections and uncertainties directly affect the predicted size of the $\documentclass[12pt]{minimal}
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Systematic uncertainties on top-quark events {#Sec19}
--------------------------------------------

Theory uncertainties on extrapolating top-quark processes from the control region to the signal region in the $\documentclass[12pt]{minimal}
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The method described in Sect. [6.2](#Sec18){ref-type="sec"} is used to evaluate the systematic uncertainties on top-quark processes. Since the extended signal region covers the *WW* CR, the same systematic uncertainties are valid for the extrapolation from the top CR to the *WW* CR. These uncertainties, summarised in Table [2](#Tab2){ref-type="table"}, are applied to both $\documentclass[12pt]{minimal}
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Experimental systematic uncertainties {#Sec20}
-------------------------------------
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                \begin{document}$$ZZ\rightarrow 4\ell $$\end{document}$ analysis, the same sources of experimental uncertainty as in Ref. \[[@CR55]\] are evaluated. In the off-shell Higgs boson region, the leptons come from the decay of on-shell *Z* bosons; hence the lepton-related systematic uncertainties are small compared to those for the leptons from on-shell Higgs boson production. The leading, but still very small, experimental systematic uncertainties are due to the electron and muon reconstruction efficiency uncertainties.
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                \begin{document}$$WW \rightarrow e\nu \,\mu \nu $$\end{document}$ channel, the same sources of experimental uncertainty as in Ref. \[[@CR58]\] are evaluated. The uncertainty on the electron energy scale, followed by the uncertainty on the rate for mis-tagged light-flavour jets as *b*-jets, and the uncertainty on the jet energy scale and resolution, are the dominant experimental sources of uncertainty. The remaining experimental sources are significantly smaller than the theoretical uncertainties.

The uncertainty on the integrated luminosity is $\documentclass[12pt]{minimal}
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Results {#Sec21}
=======

In this section the results for the $\documentclass[12pt]{minimal}
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Two different off-shell combinations are presented based on different assumptions. First, a single off-shell signal strength parameter is applied for all production modes. This is equivalent to assuming that the ratio of the off-shell production rates via the process $\documentclass[12pt]{minimal}
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The combination with the on-shell analyses is also performed under two assumptions that correspond to different interpretations of the results. The first is performed using different signal strengths for the $\documentclass[12pt]{minimal}
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Results of the individual off-shell analyses {#Sec22}
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Combination of the off-shell *ZZ* and *WW* analyses {#Sec23}
---------------------------------------------------
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Combination of the off-shell and on-shell *ZZ* and *WW* analyses {#Sec24}
----------------------------------------------------------------
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In addition to the main theoretical uncertainties, the common experimental systematic uncertainties are treated as correlated.
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A.2: Dependence of the *VV + 2j* off-shell signal and background interference on the signal strength {#Sec28}
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Electroweak means in this context that QCD diagrams that enter through the QCD NNLO corrections to $\documentclass[12pt]{minimal}
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In all results the signal strength for *VH* associated production is assumed to scale with VBF production while the $\documentclass[12pt]{minimal}
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                \begin{document}$$gg\rightarrow H$$\end{document}$ process. These additional production modes are expected to give negligible contributions to the off-shell measurements, but have small contributions to the on-shell signal yields.

To set an upper limit, the assumption in Eq. ([3](#Equ3){ref-type=""}), and the equivalent assumption for the VBF production mode, is sufficient.

In the context of this analysis the alternative hypothesis is given by the SM value(s) for all relevant parameters of the fit model.
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The value of the SM Higgs boson width of 4.12 MeV at a mass of 125.4 GeV \[[@CR23]\] is used to convert the limit $\documentclass[12pt]{minimal}
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                \begin{document}$$\Gamma _H/\Gamma _{H}^{\text {SM}}$$\end{document}$ into the total width limit.
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